Autophagy plays an important role in mitochondrial maintenance, yet many details of skeletal 25 muscle autophagic activity are unresolved in the context of muscle stress and/or damage. 26
Introduction 65
The time course of muscle contractility loss after multiple types of muscle injury has 66 been well documented (6, 22, 27, 39, 40) , but the timing and severity of mitochondrial 67 dysfunction after injury is largely unknown. Elucidating the loss and recovery of mitochondrial 68 function is important because mitochondria provide crucial energy for satellite cell proliferation 69 and differentiation, for the remodeling of damaged muscle fibers, and for the repair of initial 70 membrane disruption (13, 37) . Mitochondria are affected by muscle fiber damage, as we and 71 others have reported a decrease in mitochondrial content and a subsequent rise in mitochondrial 72 biogenesis during muscle regeneration (6, 9, 27, 36) . However, the approximation of 73 mitochondrial function using markers of mitochondrial content and biogenesis are inadequate to 74 characterize mitochondrial function particularly when evaluating pathological conditions (23) . 75
Mitochondrial function is most appropriately analyzed by assessing the organelle's ability to 76 consume oxygen (i.e., mitochondrial respiratory function), and a primary goal of this study was 77 to investigate the time course of mitochondrial dysfunction and recovery after various forms of 78 muscle fiber stress. 79
Traditionally, the most physiologically-relevant marker of muscle fiber stress is a 80
The second cohort of wildtype C57BL/6J mice were used to analyze autophagy flux and 158 mitochondrial-specific autophagy following traumatic freeze injury based on results from the 159 first cohort. Unilateral freeze injuries were performed on all mice before randomization into two 160 groups. One group (n=12) was used for an autophagy flux assay where half of the mice received 161 chloroquine to inhibit lysosomal degradation (17) and the other half were treated with saline 7 162 days after injury. Injured and contralateral limbs were collected and immunoblots for autophagic 163 flux (LC3 II accumulation) were performed. The second group (n=8) was sacrificed 7 days after 164 injury and a differential centrifugation protocol was done on both injured and contralateral 165 uninjured limbs to determine the accumulation of autophagy-related proteins in mitochondria-166 enriched versus cytosolic fractions. 167
The third cohort of mice included Ulk1 MKO and LM mice to test the necessity of Ulk1 168 for recovery of mitochondrial function after injury (n=20) (10, 16, 18) . Prior to injury, peak-169 isometric dorsiflexion torque measurements were performed on Ulk1 MKO and LMs. 170
Immediately following, mice underwent unilateral freeze injuries and peak-isometric 171 dorsiflexion torque measurements were performed again 14 days post. Mice were sacrificed 172 afterwards, and muscle tissue was harvested for mitochondrial function, mitochondrial content, 173 and autophagy-related protein analyses. The selection of 14 days after injury was based on the 174 results from cohort 1 showing mitochondrial function was less than one-third of uninjured at 7 175 days after injury (Fig. 1) , and results from our previous studies indicating 14 days is sufficient to 176 observe differences in mitochondrial content with insufficient autophagy (6, 27) 177
Metabolic Fatiguing Protocol 178
Mice were anesthetized using 1-2% isoflurane in oxygen, and left hind limb was shaved 179 and aseptically prepared. The foot was positioned into a foot-plate attached to the servomotor(Model 129 300C-LR; Aurora Scientific, Aurora, Ontario, Canada) where the ankle joint was 181 adjusted to a 90° angle and secured at the knee joint. Platinum-Iridium (Pt-Ir) needle electrodes 182 were inserted percutaneously on both sides of the peroneal nerve and the testing platform was 183 maintained at 37°C throughout the optimization and muscle stressor protocols. Optimal muscle 184 stimulation was achieved by finding peak-isometric torque of the ankle dorsiflexors (tibialis 185
anterior ( 
Freeze Injury 200
Freeze injury was performed as previously described (39). Before surgery, mice were 201 anesthetized using isoflurane and given a local anesthetic injection of buvipicaine (5mg/kg)(17). 202
Afterwards, the left limb was aseptically prepared, a 1.5cm incision was made over the TA 203 muscle, and a steel probe cooled with dry ice was applied to the belly of the TA for 10 seconds. 204
Upon completion of the freeze injury, the incision was closed with nylon suture and mice were 205 administered meloxicam (2mg/kg) for pain management immediately and again 12 hours after 206 surgery (39). 207
Oxygen Consumption Rates 208
Mitochondrial function was assessed in dissected permeabilized muscle fiber bundles 209 from both the stressed and contralateral control limb using methods adapted from Kuznetsov et 210 al. and as we have previously described (19, 34) . To ensure we were testing homogenously 211 stressed muscle fibers, entire EDL muscles were permeabilized for the eccentric contraction-212 induced injury and fatiguing protocol and TA muscle fibers were dissected from the affected area 213 for the freeze injury group. Oxygen consumption rates were made through the use of a Clark-214 type electrode (Hansetech) kept at a constant 25°C with constant stirring. State III respiration 215 was accomplished by addition of glutamate (10mM), malate (5mM), succinate (10mM), and 216 ADP (5mM). Oxygen consumption rates during State III respiration were normalized to tissue 217 mass loaded into chamber. 218
Enzyme Assays 219
Both citrate synthase (CS) and succinate dehydrogenase (SDH) enzyme assays were 220 performed to quantify mitochondrial content in the stressed and contralateral control limbs after 221 muscle fatigue, eccentric contraction-induced injury, and freeze injury. The portion of muscle 222 remaining after fiber dissection for oxygen consumption rates was weighed and homogenized in 223 33mM phosphate buffer (pH 7.4) at a muscle to buffer ratio of 1:40 using a glass tissue grinder. 224
Citrate Synthase activity was measured from the reduction of DTNB overtime as previouslydescribed (27). Succinate Dehydrogenase activity was measured from the reduction of 226 cytochrome c as previously described (12). 227
Immunoblot 228
For autophagy-related protein content analysis, protein was extracted from stressed and 229 contralateral control muscles. 25 μg of total protein was separated by SDS-PAGE, transferred 230 onto a PVDF membrane, and immunoblotted as previously described (27). The following 231 antibodies (Cell Signaling, Danvers, MA) were used: Ulk1 (1:10000), beclin-1 (1:1000), and 232 LC3B (1:1000). Immunoblots were normalized to total protein in lane and quantified using Bio-233
Rad Laboratories Image Lab software (Hercules, CA) (8, 35, 44) . 234
Chloroquine Treatment 235
In order to measure autophagy flux after injury we used a lysosomal inhibitor, 236 chloroquine, as recommended by the autophagy guidelines (17). Mice underwent freeze injuries 237 as described above and recovered for 7 days. Two hours before sacrifice mice were given an 238 intraperitoneal injection of chloroquine (65mg/kg) to inhibit autophagosome degradation. TA 239 muscle tissue was harvested and immunoblots for LC3II quantification were carried out as 240 described above. 241
Differential Centrifugation 242
To obtain mitochondrial-enriched fractions and cytosolic fractions, differential 243 centrifugation was performed on injured and contralateral uninjured TA muscles 14 days after 244 injury as described (20) . Briefly, muscles were homogenized in fractionation buffer [20 mM 245 HEPES, 250 mM Sucrose, 0.1 mM EDTA, plus protease and phosphatase] in a glass tissue 246 homogenizer at a 1:20 tissue to buffer ratio. Homogenates were then spun at 800×g for 10 min at 247 4°C, supernatant was removed and then spun at 9000×g for 10 min at 4°C. The supernatant was 248 again removed and resuspended in an equal volume of 2x Laemmli buffer resulting in the 249 cytosolic fraction. The remaining mitochondrial pellets were resuspended in fractionation buffer 250 then spun at 11,000×g for 10 min at 4°C. Resulting mitochondrial-enriched pellets were 251 resuspended in 20 μl of 2x Laemmli buffer resulting in the mitochondrial-enriched fraction. Both 252 fractions were boiled for 5 min at 97°C, then frozen at −80°C until immunoblot analysis. 253
Immunofluorescent staining for satellite cells 254
Satellite cell dynamics were evaluated as previously described (42). Briefly, injured 255 muscles from Ulk1 MKO mice (n=3) and LM mice (n=3) were isolated at 10 days post-injury 256 and subjected to cryo-sectioning. Muscle sections were stained with primary antibody, Pax7 (1:5; 257 DSHB) and Ki67 (1:1000; Abcam) overnight at 4 degrees, followed with a secondary antibody 258 stain at room temperature for 1 hour. To evaluate satellite cell dynamics, muscle cross-sections 259 Immunoblots of Beclin1 and LC3II were analyzed to determine the time course of autophagy 307 induction after different muscle stressors. There was no change in relative expression of Beclin1 308 or LC3II in the stressed limb compared to the control limb after the fatiguing protocol (p0.728, 309 Fig. 2A ). Beclin1 expression increased 2-fold at 3 days after the eccentric contraction-induced 310 injury and remained elevated through 7 days post injury (Significant Interaction, p=0.014, Fig.  311 2B), however, no significant change was observed with LC3II (p=0.9023). In contrast, traumatic 312 freeze injury resulted in a robust autophagy induction evident by a 28-fold increase in Beclin1 313 expression and a 5-fold increase in LC3II at 7 days after injury (p0.008, Fig. 2C ). 314 activity, therefore, we measured autophagy flux by quantifying LC3II accumulation after 325 chloroquine (CQ) treatment in freeze injured muscle as this muscle stressor had the most robust 326 autophagy response (Fig. 2) (17) . LC3II expression was increased nearly 14-fold in the injured 327 limb compared to the uninjured limbs at 7 days after injury as previously found (27) (Main 328 effect: Injury p<0.0001, Fig. 3 ). Additionally, CQ treatment resulted in greater LC3II 329 accumulation independent of injury (Main effect: Treatment p=0.0178, Fig. 3 ). These results 330 suggest that autophagy flux increases with muscle injury but does not appear to coordinate with 331 the robust response of autophagic machinery after traumatic freeze injury. 332 
338
Mitochondrial-specific autophagy after traumatic freeze injury 339
Because autophagy induction appeared to accompany mitochondrial dysfunction after freeze 340 injury ( Fig. 1 & 2) , cytosolic fractions and mitochondrial-enriched fractions were subject to 341 immunoblot analysis of LC3II to elucidate the extent of mitochondrial-specific autophagy. 342 COXIV expression was increased 8-fold in the mitochondrial-enriched fractions compared to the 343 cytosolic fractions (COXIV Main Effect: Fraction, p=0.049, Fig. 4) . Interestingly, LC3II 344 expression was 37 times greater in the injured mitochondrial-enriched fractions compared to the 345 injured cytosolic fractions suggesting a large mitochondrial-specific autophagy response to 346 traumatic freeze injury (Significant Interaction, p=0.017, Fig. 4 ), in agreement with previous 347 reports of accumulation of autophagy-related proteins at the mitochondria after physiological 348 muscle stress (6, 20) . 349 Mitochondrial-specific autophagy is mediated by the autophagy-related protein Ulk1 (6). We and 359 others have investigated the role of Ulk1 following muscle stress and specifically mitochondrial 360 stress (20, 27) however, whether Ulk1 is required for the recovery of mitochondrial function 361 after injury has not been investigated. To ascertain the role of Ulk1-mediated autophagy in the 362 recovery of mitochondrial function, we compared Ulk1 MKO and LM mice (6). Peak-isometric 363 torque was significantly lower in Ulk1 MKO compared to LM mice independent of injury (-364 12%, Main Effect: Injury and Genotype, p0.012, Fig 5A) . Mitochondrial function was 365 decreased 43% in the injured limbs independent of genotype (Main Effect: Injury, p<0.0001, Fig  366   5B ), and mitochondrial content was reduced by 34% and 58%, CS and SDH respectively, 367 independent of genotype (Main Effect: Injury, p0.0006, Fig 5C, Fig 5D) . 368 369 
376
Autophagy-related protein induction in Ulk1 MKO mice after freeze injury 378 LC3II expression increased more than 7-fold in the injured limbs compared to the uninjured 379 limb, independent of genotype (Main Effect: Injury, p0.0001, Fig 6B) . Additionally, Beclin1 380 expression increased more than 14-fold with injury, independent of genotype (Main Effect: 381 Injury, p0.0001, Fig 6B) . Prior to injury, Ulk1 MKO mice had no Ulk1 expression as expected, 382 however after injury both the LM and Ulk1 MKO mice had similar levels of Ulk1 protein 383 content (Main Effect: Injury and Genotype, p0.042, Fig 6B) . 384 385 
Impaired satellite cell proliferation in Ulk1 MKO mice 391
At the conclusion of our study we decided to explore satellite cell dynamics in Ulk1 MKO mice 392 because: (i) the strength deficit in the Ulk1 MKO mice, which is in agreement with our previous 393 reports (17), suggests Ulk1 knockout in myofibers impairs regenerative myogenesis and (ii) 394 satellite cells are essential stem cells for regenerative myogenesis in skeletal muscle. 10 days 395 post-injury there were a greater number of total and proliferating satellite cells in the freeze 396 injured muscles of LM compared to Ulk1 MKO mice (p0.016, Fig. 7) , and no difference 397 between mice in the number of self-renewing satellite cells (p=0.140, Fig. 7) . 398 
